I. INTRODUCTION
T RANSVERSE flux motors (TFMs) can provide a very high torque to volume ratio and hence they have attracted strong research interests in [1] - [3] . The structures of these machines are in general complex and have 3-D magnetic flux paths. The conventional lamination steels are not appropriate or very difficult for construction of TFMs as the magnetic flux must be designed to flow within the lamination plane or excessive eddy-current losses would be generated. To overcome this problem, soft magnetic composite (SMC) materials may be employed. SMCs are composed of pure iron particles (∼0.1 mm in diameter) with a very thin insulation coating and hence possess many unique properties such as 3-D magnetic isotropy, very low eddy currents, and prospect of low cost mass production of electrical machines [4] . A few TFM prototypes with SMC cores have been investigated [5] , [6] .
For the best use of the material, SMC electromagnetic devices are often designed to operate at 300 Hz or higher and the core loss is comparable with the copper loss. This is quite different from the conventional laminated steel machines with operating frequency of 50 or 60 Hz, in which the copper loss dominates. Hence, accurate computation of core loss is crucial for developing high performance SMC devices [7] - [10] . This paper presents the computation of core losses of a prototype TFM with SMC stator [5] , [11] . Finite element analysis (FEA) is conducted to find out the flux density patterns in each element of the core at different operating conditions. A modified model, which can consider the effect of any type of flux density pattern, is applied to calculate the motor core loss for any given operating condition. The coefficients in the core loss models are obtained by curve-fitting the measurements on an SMC sample with a frequency range 5-1000 Hz [12] . The calculations agree with the experimental results on the TFM prototype.
II. MAGNETIC FIELD FEA OF THE TFM PROTOTYPE Fig. 1 shows the photos of the studied SMC TFM prototype [5] . The internal stator consists of three stacks of SMC core, which are shifted by 120 electrical degrees to each other, and each is wound by a phase winding of concentrated coil. The external rotor is made of mild steel yoke and permanent magnets (PMs) glued on the inner surface of the yoke. The major dimensions of the motor include 80 mm of stator outer diameter, 93 mm of effective stator axial length, and 1 mm of main air gap length. The motor was designed to operate at 640 W and 1800 r/m with optimum brushless dc control scheme.
The magnetic flux path in the TFM is predominantly in planes containing the axes but becomes 3-D as it spreads azimuthally to reduce flux densities. For nonlinear material properties and accurate flux fringing calculation, a 3-D FEA is required. Taking advantage of the periodical symmetry, only one pole-pair region of the machine, as shown in Fig. 2 , needs to be studied. In this figure, A, B and C mark the locations at the middles of SMC stator yoke, SMC stator tooth, and mild steel rotor yoke, respectively. At the two radial boundary planes, the magnetic scalar potential (ϕ m ) obeys
where r and z are the radial and axial coordinates, respectively, and θ = 18°mechanical is the angle of one pole pitch.
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III. CORE LOSS MODELS
To calculate the core losses under rotational B loci, Zhu and Ramsden [13] presented a comprehensive model for calculating the rotational hysteresis loss in laminated sheet steel machines. The formulations are extended to calculate the core losses of this SMC machine, as summarized below.
When the magnetic material is under 1-D sinusoidal B excitation, the alternating core loss P a is computed by
where f is the excitation frequency, B P is the magnitude of the sinusoidal B, and C ha , C ea , C aa , and h are alternating core loss coefficients. When the material is under 2-D circularly rotating B excitation, the rotational core loss P r is computed by
where B P is the magnitude of the circular B, B s is the material's saturation flux density, and C er , C ar , a 1 , a 2 , and a 3 are rotational core loss coefficients. When the material is under 2-D elliptically rotating B excitation, the core loss P is computed by
where R B = B min /B maj is the axis ratio, B min and B maj are the values of the major and minor axes of the ellipse, respectively, and P r and P a are the corresponding rotational and alternating core losses when B P = B maj .
IV. CORE LOSS CALCULATION IN THE TFM PROTOTYPE

A. No-Load Core Loss of SMC Stator Core
As described in Section II, the B pattern in each element can be obtained by time-stepping FEA. In general, the B pattern is an irregular 3-D loop. The 1-D alternating and 2-D rotating loci can be observed as special cases of the 3-D loop.
In each element, the flux density can be divided into three components along the r -, θ -, and z-axes, and each component can be expressed by a series of harmonics using Fourier series. It can be verified mathematically that each harmonic forms an elliptical loop in a 2-D plane. Therefore, (2)-(6) can be used to calculate the core loss caused by each harmonic in each element. The coefficients in the formula can be derived by curve-fitting the measurements on a cubic SMC sample under 1-D sinusoidal B excitations and 2-D circular excitations [12] .
It can be derived mathematically that the total loss is the sum of all the harmonic losses. Then, the core loss in the SMC stator P smc is
where Ne is the number of SMC elements used for conducting the FEA, P rk and P ak are, respectively, the rotational and alternating core losses under the kth harmonic of B, and R B K is the axis ratio of the kth B harmonic. Take the element at point B (stator tooth) as an example. Using the discrete Fourier transform (DFT), the harmonics of the flux density components, B r , B θ , and B z , can be derived as 
Therefore, the locus of the fundamental component of the flux density is of an elliptically rotating pattern within a plane, which is not parallel to any coordinate axis. For the third harmonic: B maj3 = 0.0015, B min3 = 0, and R B3 = 0 and thus it is an alternating flux.
In summary, the flux density locus in each element is calculated first by the FEA of magnetic fields. Then, the ratio of the major and minor axes of the fundamental and harmonic components is calculated. Using (2)-(7), the core loss in the SMC stator is computed as 29 W.
B. No-Load Core Loss of Mild Steel Rotor Yoke
In the mild steel rotor yoke, the B patterns are alternating along the z-direction only, so only (2) may be required. The alternating coefficients are obtained by curve-fitting the data provided by the material manufacturer, which were measured using a ring sample with 1-D sinusoidal excitation.
An approximate method by analytical formula in combination with the static magnetic field analysis (ignoring the effect of eddy currents) was proposed to predict the core loss in the mild steel rotor yoke. The following assumptions were made: 1) only the eddy-current loss is considered since it is much larger than the hysteresis and anomalous components; 2) the magnetic fields alternate in the axial direction and the induced eddy currents flow circumferentially, which is true in the middle of the yoke but not accurate near the ends; and 3) the magnetic flux density is obtained by solving the static field analysis, which ignores the effect of eddy currents.
The procedure of core loss calculation is: 1) solving the magnetic field distributions of the motor at various rotor positions; 2) obtaining the flux density curve against rotor angle or time in each element, i ; 3) expanding the curve into a series of sine waves by DFT and obtain the peak value of flux density, B Pki (k = 1, 2, 3, . . .); 4) calculating the eddy current loss P ei in W/kg for each element by
where f is the frequency, B Pki the peak flux density of the kth harmonic in element i , t rk the rotor yoke thickness, σ the electrical conductivity, ρ m the mass density, and k e a correction factor according to the experiment results; and 5) calculating the total loss P e by summing the loss in each element as
where V i is the volume of element i . The core loss in the rotor yoke was calculated using (14) and (15) as 34.3 W, larger than the SMC stator core loss of 29 W. The calculated total core loss is 63.3 W, agreeing with the measured result in Section V.
C. Core Loss Under Load
The magnetic field distributions were solved with both PM and stator current excitations. At the rated load and the optimum brushless dc control, the stator core loss was computed as 56.5 W and the rotor yoke core loss was 63.8 W, and hence the total core loss was 120.3 W.
V. CORE LOSS MEASUREMENT IN THE TFM PROTOTYPE
To measure the core loss of the TFM prototype, a dc motor is used as the prime mover. The power fed into the dc motor is measured when it is stand-alone and coupled to the TFM, respectively. The major parameters of the dc driving motor, such as armature resistance, brush voltage drop, and emf constant are determined from a series of measurements by the curve fitting technique and the fed electromagnetic power is calculated. The difference of the electromagnetic power at the two conditions gives the total of the core loss and mechanical loss of the tested machine [5] .
The mechanical loss of the TFM is measured by replacing the SMC stator with a wood tube (to imitate the windage) and then repeating the previous test procedure. It is assumed that the TFM rotor causes the same mechanical loss with the wooden tube or with the SMC stator if running at the same speed. Then, the core loss is obtained by subtracting the mechanical loss from the total of the core loss and mechanical loss [5] .
The core loss at no-load was measured as 68.2 W using the dummy rotor method, which is 4.9 W larger than the calculated value. The 7.2% error may be caused by the losses in the endplates and PMs, which were not calculated. The assumption that the flux density in the rotor yoke is at the z-axis may also cause some error.
Based on various power and loss measurements and the assumption that the mechanical loss at any load is the same for a particular speed, the motor core loss at the rated load was derived as 131.2 W, which is 8.3% larger than the calculation.
VI. CONCLUSION
This paper presents the core loss calculation in a TFM with SMC stator and mild steel rotor yoke, based on magnetic field FEA. The presented approaches can deal with various magnetic excitations such as 1-D alternating, 2-D circularly or elliptically rotating, and even 3-D irregular patterns of magnetic flux density. The approaches can also be easily adapted for other types of electrical machines with other magnetic materials.
